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SIGNAL PROCESSING APPARATUS AND
SIGNAL PROCESSING METHOD

This application is a National Stage Entry of PCT/JP2012/
006441 filed Oct. 5, 2012, which claims priority from
Japanese Patent Application 2011-221314 filed Oct. 5, 2011,
and PCT Application No. PCT/JP2012/006323 filed Oct. 3,
2012, the contents of all of which are incorporated herein by
reference, in their entirety.

TECHNICAL FIELD

The present invention relates to a signal processing appa-
ratus which receives an optical signal in a digital coherent
method, and a signal processing method.

BACKGROUND ART

With the spread of the Internet, a volume of data for
communication has increased. In order to cope therewith, it
has become necessary to increase a capacity of a transmis-
sion path. As one of techniques for realizing large capacity,
there is a multi-value modulation signal (polarization divi-
sion multiplexed-quadrature amplitude modulation: PDM-
QAM). An optical signal on which the PDM-QAM modu-
lation has been performed in a transmitter is demodulated in
an optical receiver of a digital coherent method (for
example, refer to Patent Document 1).

In addition, Patent Document 2 discloses that a signal
obtained by adding an output from a slicer to an input to the
slicer, and a signal obtained by making the output from the
slicer pass through a division device, are used as an input to
a feedback filter.

Further, Patent Document 3 discloses that a filter coeffi-
cient of a digital filter is controlled in a feedback manner.

RELATED DOCUMENT
Patent Document

[Patent Document 1] Japanese Unexamined Patent Pub-
lication No. 2010-98617

[Patent Document 2] PCT Japanese Translation Patent
Publication No. 2005-523633

[Patent Document 3] Japanese Unexamined Patent Pub-
lication No. 2007-318800

DISCLOSURE OF THE INVENTION

A decision directed (DD) algorithm is used in a method of
separating polarized waves from a PDM-QAM signal. The
DD algorithm feeds back a determination result to a filter
coeflicient, and thus each symbol of the QAM signal can be
made to converge. In addition, the DD algorithm has high
tracking performance to polarization rotation. On the other
hand, in the DD algorithm, if a filter coefficient is started
from any initial value, the filter coefficient hardly converges.

An object of the present invention is a signal processing
apparatus and an optical signal reception method capable of
making a filter coefficient easily converge even if the filter
coeflicient is started from any initial value.

DISCLOSURE OF THE INVENTION

According to the present invention, there is provided a
signal processing apparatus including polarized wave sepa-
ration means for receiving four digital signals and generat-
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ing two polarization signals corresponding to two polariza-
tion components of signal light from the four digital signals
by using filters having filter coefficients, the four digital
signals being generated by performing photoelectric con-
version and analog-digital conversion on four output light
beams which are generated by making the signal light
having undergone polarization division multiplexing and
multi-value modulation and local light interfere with each
other by using a 90° optical hybrid; carrier compensation
means for compensating for a phase difference and a fre-
quency difference between the signal light and the local light
in relation to the two polarization signals, so as to generate
two carrier compensated signals; determination means for
demodulating the two carrier compensated signals; selection
means for selecting whether the determination means per-
forms the demodulation on the basis of a signal arrangement
of the multi-value modulation or on the basis of a signal
arrangement in which the number of multi-values of the
multi-value modulation is reduced; and coefficient setting
means for updating the filter coeflicients of the polarized
wave separation means by using an output selected by the
selection means.

According to the present invention, there is provided a
signal processing method including generating four output
light beams by making the signal light having undergone
polarization division multiplexing and multi-value modula-
tion and local light interfere with each other by using a 90°
optical hybrid; generating four digital signals by performing
photoelectric conversion and analog-digital conversion on
the four output light beams; generating two polarization
signals corresponding to two polarization components of the
signal light from the four digital signals by using filters
having filter coefficients; compensating for a phase differ-
ence and a frequency difference between the signal light and
the local light in relation to the two polarization signals, so
as to generate two carrier compensated signals; and updating
the filter coefficients by using either of a result of demodu-
lating the two carrier compensated signals on the basis of a
signal arrangement of the multi-value modulation and a
result of demodulating the two carrier compensated signals
on the basis of a signal arrangement in which the number of
multi-values of the multi-value modulation is reduced.

According to the present invention, there is provided a
signal processing apparatus including polarized wave sepa-
ration means for receiving four digital signals and generat-
ing two polarization signals corresponding to two polariza-
tion components of signal light from the four digital signals
by using filters having filter coefficients, the four digital
signals being generated by performing photoelectric con-
version and analog-digital conversion on four output light
beams which are generated by making the signal light
having undergone polarization division multiplexing and
multi-value modulation and local light interfere with each
other by using a 90° optical hybrid; carrier compensation
means for compensating for a phase difference and a fre-
quency difference between the signal light and the local light
in relation to the two polarization signals, so as to generate
two carrier compensated signals; determination means for
demodulating the two carrier compensated signals; first error
calculation means for calculating an error of an output of the
determination means by using the two polarization signals
and the output of the determination means; second error
calculation means for calculating an error of the output of
the determination means in a method which is simpler than
the first error calculation means and does not depend on a
determination result, by using the two polarization signals
and the output of the determination means; and coeflicient
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setting means for updating the filter coefficients of the
polarized wave separation means by using either of an error
determination result performed by the first error calculation
means and an error determination result performed by the
second error calculation means, in which the coefficient
setting means updates the filter coefficients by using the
error calculation result performed by the second error cal-
culation means until the filter coefficients converge, and
updates the filter coefficients by using the error calculation
result performed by the first error calculation means after the
filter coefficients converge.

According to the present invention, there is provided a
signal processing method including generating four output
light beams by making the signal light having undergone
polarization division multiplexing and multi-value modula-
tion and local light interfere with each other by using a 90°
optical hybrid; generating four digital signals by performing
photoelectric conversion and analog-digital conversion on
the four output light beams; generating two polarization
signals corresponding to two polarization components of the
signal light from the four digital signals by using filters
having filter coefficients; compensating for a phase differ-
ence and a frequency difference between the signal light and
the local light in relation to the two polarization signals, so
as to generate two carrier compensated signals; and updating
the filter coefficients by using an error calculation result
based on a first method until the filter coefficients converge,
and updates the filter coefficients by using an error calcula-
tion result based on a second method which has higher
accuracy than the first method after the filter coefficients
converge.

According to the present invention, in a reception process
of an optical signal having undergone polarization division
multiplexing and multi-value modulation, it is possible to
make a filter coefficient easily converge even if the filter
coeflicient is started from any initial value.

The above-described object, and other objects, features
and advantages will become apparent from preferred
embodiments described below and the following accompa-
nying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating a configuration of a signal
processing apparatus according to a first embodiment.

FIG. 2 is a block diagram illustrating a configuration of a
signal processing device.

FIG. 3 is a diagram illustrating an effect of the embodi-
ment.

FIG. 4 is a diagram illustrating an effect of the embodi-
ment.

FIG. 5 is a diagram illustrating a constellation of carrier
compensated signals x" and y".

FIG. 6 is a diagram illustrating an example of a determi-
nation result performed by a symbol determination unit.

FIG. 7 is a diagram illustrating an example of a monitor-
ing result of an error function and EVM,, ..

FIG. 8 is a block diagram illustrating a configuration of a
signal processing device according to a second embodiment.

FIG. 9 is a diagram illustrating determination of a region.

FIG. 10 is a diagram illustrating a symbol arrangement of
256QAM signals.
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FIG. 11 is a diagram illustrating a symbol arrangement of
64QAM signals.

FIG. 12 is a diagram illustrating a symbol arrangement of
16QAM signals.

FIG. 13 is a diagram illustrating a symbol arrangement of
QPSK signals.

FIG. 14 is a diagram illustrating symbol rough-determi-
nation of 16QAM signals.

FIG. 15 is a diagram illustrating a constellation of carrier
compensated signals x" and y" of 16QAM signals.

FIG. 16 is a diagram illustrating an example of a deter-
mination result of 64QAM signals performed by the symbol
determination unit.

FIG. 17 is a diagram illustrating symbol rough-determi-
nation of 64QAM signals.

FIG. 18 is a diagram illustrating symbol rough-determi-
nation of 256QAM signals.

FIG. 19 is a block diagram illustrating a configuration of
a signal processing device according to a third embodiment.

DESCRIPTION OF EMBODIMENTS

Hereinafter, embodiments of the present invention will be
described with reference to the drawings. In addition,
throughout all the drawings, the same constituent elements
are given the same reference numerals, and description
thereof will not be repeated.

First Embodiment

FIG. 1 is a diagram illustrating a configuration of a signal
processing apparatus according to a first embodiment. The
signal processing apparatus is used as a digital coherent
receiver. A signal light which is input to the signal process-
ing apparatus has undergone polarization division multi-
plexing and multi-value modulation. The signal processing
apparatus includes a local light source (LO) 10, a 90° optical
hybrid 20, a photoelectric (O/E) conversion unit 30, an
analog-digital conversion unit (ADC) 40, and a signal pro-
cessing device 100.

A signal light from a transmission path and a local light
from the local light source 10 are input to the 90° optical
hybrid 20. The 90° optical hybrid 20 makes the optical
signal and the local light interfere with each other at a phase
difference of 0 so as to generate a first optical signal (1), and
makes the optical signal and the local light interfere with
each other at a phase difference of /2 so as to generate a
second optical signal (Q,). In addition, the 90° optical hybrid
20 makes the optical signal and the local light interfere with
each other at a phase difference of 0 so as to generate a third
optical signal (I,), and makes the optical signal and the local
light interfere with each other at a phase difference of /2 so
as to generate a fourth optical signal (Q,). The first optical
signal and the second optical signal form a set of signals, and
the third optical signal and the fourth optical signal form a
set of signals.

The photoelectric conversion unit 30 performs photoelec-
tric conversion on the four optical signals (output light)
generated by the 90° optical hybrid 20, so as to generate four
analog signals.

The analog-digital conversion unit 40 converts the four
analog signals generated by the photoelectric conversion
unit 30 into digital signals, respectively.

The signal processing device 100 processes the four
digital signals generated by the analog-digital conversion
unit 40, so as to generate demodulated signals which are
demodulation results of the optical signals.
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FIG. 2 is a functional block diagram illustrating a con-
figuration of the signal processing device 100. In addition,
the signal processing device 100 is, for example, a single
semiconductor chip. However, the signal processing device
100 may be a field-programmable gate array (FPGA), and a
function thereof may be realized using a program.

The signal processing device 100 includes front-end (F/E)
processing units 150, dispersion compensation (CDC) units
160, polarized wave separation units 170, coefficient calcu-
lation units 171, first error calculation units 172, carrier
compensation sections 180, and control units 190. Each of
the carrier compensation sections 180 includes a symbol
determination unit 181, a symbol rough-determination unit
182, and a selection unit 183.

The front-end processing units 150 compensate for signal
distortions which are contained in the received signals Ix,
Qx, Iy and Qy and are caused by imperfect optical parts of
the 90° optical hybrid 20 and the photoelectric conversion
unit 30. In addition, the dispersion compensation units 160
compensate for linear distortions which are applied to the
received signals Ix, Qx, Iy and Qy in the transmission path.
Further, the received signals Ix, Qx, Iy and Qy are input to
the polarized wave separation units 170 for each polarized
wave.

The polarized wave separation units 170 perform a filter
operation on each polarized wave by using filter coefficients
h.,h,, h, andh,, in accordance with the following Equa-
tion (1), so as to output x' and y".

[Equation 1]

x'=h,, x+h,y

M

The filter outputs x' and y' are separated as polarized
waves X' and Y' which are incident on the receiver as the
signal light. The filter coefficients are determined by the
coeflicient calculation unit 171. The coefficient calculation
units 171 determine the filter coeflicients h,, h, , h,,and h ,
by using an output signal of the selection unit 183. A method
of the coefficient calculation units 171 determining the filter
coefficients h,, h,, h, and h will be described later.

The carrier compensation sections 180 compensate for a
frequency difference and a phase difference of the signal
light and the local light so as to generate carrier compensated
signals x" and y" from the output signals x' and y' of the
polarized wave separation units 170. Each of the carrier
compensation sections 180 includes the symbol determina-
tion unit 181, the symbol rough-determination unit 182, the
selection unit 183, a phase rotation angle calculation unit
184, a loop filter 185, and a voltage controlled oscillator
(VCO) 186.

The symbol determination unit 181 performs symbol
determination on the output signals x' and y' of the polarized
wave separation units 170 on the basis of a standard of the
signal light input to the 90° optical hybrid 20. For example,
in a case where a standard of the signal light input to the 90°
optical hybrid 20 is 16QAM, the symbol determination unit
181 performs the symbol determination in a 16QAM method
in accordance with the following Equation (2). In the
following description, the symbol determination unit 181 is
assumed to perform the symbol determination in the
16QAM method. In addition, symbol determination meth-
ods in the symbol determination unit 181 are not limited to
the 16QAM method.

Y'=hxrhyy
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[Expression 2]
3+ 3j; 2 <Re(z"), 2 < Im(z") 2)
3+ 2 <Re(z”), 0<Imz") <2
1+3j; 0<Re(z") <2,2<Im(z")
1+ 0 <Re(z"), <2,0<Im(z") <2
3-3j5 2 < Re(z"), Im(z") < -2
3-j; 2 <Re(z"), =2 <Im(z") < 0
1-3j; 0 <Re(z") < 2Im(z") < -2
o 1-j; 0<Re(@) <2, -2<Im(Z")<0
‘ -3 -3j; Re(z”) < =2Im(z") < -2
-3-j Re(7") <=2, -2 <Im(z") < 0
-1-3j; -2 <Re(7") < 0Im(z") < =2
—-1-j; -2<Re(")<0,-2<Im(z") <0
-3 +3j; Re(z”) < =2,2 < Im(")
-3+ Re(z”)<-2,0<Im(z") <2
-1 +3j; -2 <Re(z”) <0,2<Im(")
—l+j; -2<Re("), <0,0<Imz") <2
z=xory

The symbol rough-determination units 182 perform sym-
bol determinations on the carrier compensated signals x" and
y" on the basis of an arrangement of signals of the number
of multi-values smaller than that in the standard of the signal
light input to the 90° optical hybrid 20. For example, in a
case where the signal light input to the 90° optical hybrid 20
employs the 16QAM method, the symbol rough-determina-
tion unit 182 performs the symbol determination in a QPSK
method. In addition, even in a case where the number of
multi-values of the signal light input to the 90° optical
hybrid 20 is larger, the symbol rough-determination unit 182
may perform the symbol determination in the QPSK
method. The symbol rough-determination unit 182 performs
the symbol determination in accordance with the following
Equation (3) in a case of performing the symbol determi-
nation in the QPSK method. In the following description, the
symbol rough-determination unit 182 is assumed to perform
the symbol determination in the QPSK method.

[Expression 3]

1+j; Re(z)>0,Im")>0

—ji Re(@)>0,Im(z") <0
Re(z”) <0, Im(z") > 0
Re(z”) <0, Im(z") <0

®

A2PSK
: -1+

-1-j

The selection unit 183 selects and outputs either of a
symbol determination result performed by the symbol deter-
mination unit 181 and a symbol determination result per-
formed by the symbol rough-determination unit 182. The
control unit 190 controls which determination result is
selected by the selection unit 183. An output of the selection
unit 183 is input to the first error calculation unit 172 and is
also used as an output of the carrier compensation section
180.

The phase rotation angle calculation units 184 compare
the carrier compensated signals x" and y" with phases of the
output signals of the selection units 183 so as to calculate
phase rotation angles based on the phase difference and the
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frequency difference between the signal light and the local
light. The phase rotation angles calculated by the phase
rotation angle calculation units 184 are fed back to the
outputs x' and y' of the polarized wave separation units 170
through the loop filters 185 and the voltage controlled
oscillators 186. If the feedback loop converges, a VCO
output becomes a phase estimate value.

When the selection units 183 selects an output of the
symbol determination unit 181, the first error calculation
units 172 calculate errors of output signals of the symbol
determination units 181 by using the phase rotation angles
(actually, the outputs of the voltage controlled oscillators
186) calculated by the phase rotation angle calculation units
184 and the outputs x' and y' of the polarized wave separa-
tion unit 170. Specifically, the first error calculation units
172 calculate error functions €,%** and € 2** of the deci-
sion directed algorithm in accordance with, for example,
Equation (4), by using the output signals d, €** and dyQAM
of the symbol determination units 181, the phase rotation
angles ¢, and q)yQAM calculated by the phase rotation
angle calculation units 184, and the outputs x' and y' of the
polarized wave separation units 170.

[Equation 4]

€ 9= V() —expl-7p L4 1x )

€044 (4 _expl i, PRy (k) @

Here, the errors calculated by the first error calculation
units 172 are used for control performed by the control units
190. Specifically, the first error calculation units 172 calcu-
late error vector magnitude (EVM) for every constant num-
ber of symbols (for example, every 1000 symbols) in
accordance with the following Equation (5). In addition, the
EVM is defined by an average amplitude of all symbols, but
may be standardized by only using four symbols located at
outermost sides in order to reduce circuit size (Equation 6).

[Equation 5]
Ny (5)
> EGR)1
EvM= |
Ns
3 ISo )l
k=1
[Equation 6]
Ns (6)

PIRIGEESA

k=1

Here, N, indicates the number of symbols used in the
calculation of the EVM. E(k) indicates an error vector. When
So(k) indicates an ideal signal vector, and S(k) indicates a
received signal vector, E(k) is obtained by E(k)=S(k)-S,(k).
Here, the error vector E(k) is equivalent to € ** or eyQA
and thus the above Equation (5) may be rewritten into the
following Equation (7).

[Equation 7]

Ny M
> 12w’
k=1

EVMpon = N
s
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The control unit 190 controls an output of the selection
unit 183 by using the EVM based on Equation (7). For
example, in a case where the EVM is equal to or greater than
a predetermined threshold value, the control unit 190 selects
a symbol determination result performed by the symbol
rough-determination unit 182 as an output of the selection
unit 183, and in a case where the EVM is smaller than the
predetermined threshold value, the control unit selects a
symbol determination result performed by the symbol deter-
mination unit 181 as an output of the selection unit 183.

In addition, the first error calculation units 172 calculate
errors of output signals of the selection units 183 by using
the phase rotation angles calculated by the phase rotation
angle calculation units 184 and the outputs x' and y' of the
polarized wave separation units 170. The errors calculated
here and the phase rotation angles ¢, and ¢, calculated by the
phase rotation angle calculation units 184 are output to the
coeflicient calculation units 171.

Specifically, the first error calculation units 172 use the
output signals of the selection units 183 instead of the output
signals d,2* and d,2#* of the symbol determination units
181 in the above Equation (4) so as to calculate errors of the
output signals of the selection units 183. For example, in a
case where the selection units 183 select the symbol deter-
minations (d,2** and dyQAM) performed by the symbol
determination units 181, the first error calculation units 172
calculate errors in accordance with the above Equation (4).
In addition, in a case where the selection units 183 select the
symbol determinations (d,€”** and dyQP SKY performed by
the symbol rough-determination units 182, the first error
calculation units 172 calculate errors in accordance with the
following Equation (8).

[Expression 8]

€,9P5F=q PAM(1)_exp[-jp, 275K () ]x' (k)
€,2PSK=q @My _exp [, CPK (k)] (k) ®

The coeflicient calculation units 171 employ the decision
directed algorithm, and update the filter coeflicients h,, h,,
h,, and h, of the polarized wave separation units 170 in
accordance with the following Equation (9) or (10) by using
an error function, a phase estimate value, and polarized
wave separation filter inputs x and y. In addition, Equation
(9) indicates a case where the selection units 183 select the
symbol determinations (d,€** and dyQAM ) performed by the
symbol rough-determination units 182. Equation (10) indi-
cates a case where the selection units 183 select the symbol
determinations (d, €% and dyQP SK) performed by the sym-
bol determination unit 181.

[Equation 9]

e 1)y =h () +pe, @4 exp [, S4M () v (k)
T (et 1) ()i, 24V exp [, 21 () o ()
b (Rt 1)=h,, (k) +pe, @ Mexplip, 441 [y* (k)
B (Rt 1), () e, @4 Mexpj, SRy () ©
[Equation 10]

B Uer D= () e, CPFexplig, CPSK (k)] (k)

B e )=, (R e, @7 Fexp 9, 275 () % ()

P et D)= )+, 275 Fexp oy, 275K () % (k)

P (Rt 1) () +pe, 27 Fexpl o, CP5 (1) () (10)
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In addition, an initial value of the filter coefficient is set as
follows, for example. Further, any tap may be used as the
number of elements, and seven taps may be used here as an
example.

h (0)=[0001000]

b (0)=[0 00000 0]

h, (0)=[0000000]

h, (0)=[0 00100 0]

Next, operations and effects of the present embodiment
will be described. In the present embodiment, the control
unit 190 selects a symbol determination result performed by
the symbol rough-determination unit 182 as an output of the
selection unit 183 until a filter coefficient of the coefficient
calculation unit 171 converges.

Specifically, the control unit 190 controls an output of the
selection unit 183 by using the EVM based on the above
Equation (7). For example, in a case where the EVM is equal
to or greater than a predetermined threshold value, the
control unit 190 determines that a filter coefficient of the
coeflicient calculation unit 171 does not converge, and
selects a symbol determination result performed by the
symbol rough-determination unit 182 as an output of the
selection unit 183.

Accompanying effects will be described with reference to
FIGS. 3 and 4. FIG. 3 illustrates a case where the symbol
determination unit 181 performs a symbol determination in
the 16QAM method. The symbol determination unit 181
determines which one of sixteen signals corresponds to an
input signal A. Here, the symbol determination unit 181 may
not always determine that the signal A is a correct signal B,
but may determine that the signal A is a wrong signal C. If
this wrong determination result is used by the coefficient
calculation unit 171, the filter coeflicientsh,,h_,h andh
may hardly converge, and may diverge.

In contrast, as illustrated in FIG. 4, if the symbol rough-
determination unit 182 performs the symbol determination,
errors hardly occur in the determination performed by the
symbol rough-determination unit 182. For this reason, if a
symbol determination result performed by the symbol
rough-determination unit 182 is selected as an output of the
selection unit 183 until a filter coefficient of the coefficient
calculation unit 171 converges, the calculation of a filter
coeflicient performed by the coefficient calculation unit 171
easily leads to convergence of the filter coefficient.

FIG. 5 illustrates a constellation of the carrier compen-
sated signals x" and y" in a case where the selection units
183 select symbol determination results performed by the
symbol rough-determination units 182, and filter coefficients
converge to an extent. As illustrated in FIG. 5, even if the
selection units 183 select the symbol determination results
performed by the symbol rough-determination units 182, the
carrier compensated signals x" and y" do not lose charac-
teristics based on 16QAM.

In addition, if the filter coefficients converge to an extent
(in a case where the EVM is smaller than the predetermined
threshold value), the selection units 183 select symbol
determination results performed by the symbol determina-
tion units 181. Accordingly, filter coefficients calculated by
the coefficient calculation units 171 further converge, and, as
a result, a result illustrated in FIG. 6 is obtained. For this
reason, the symbol determination unit 181 can perform the
symbol determination with high accuracy.

In addition, in a case where a difference between the
previous EVM and a newly calculated EVM is equal to or
greater than a predetermined threshold value, the control
unit 190 may determine that a filter coefficient of the
coeflicient calculation unit 171 does not converge. In this
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10
case, in a case where the difference between the previous
EVM and the newly calculated EVM is smaller than the
predetermined threshold value, the control unit 190 deter-
mines that a filter coefficient of the coefficient calculation
unit 171 converges.

FIG. 7 illustrates an example of a monitoring result of the
error function and the EVM, . The transverse axis
expresses the number of elapsed symbols and corresponds to
time. The longitudinal axis expresses an instantaneous value
of'the error function e for each symbol and a transition of the
EVM,,,,, which is calculated every 1000 symbols.

The selection unit 183 initially selects a symbol determi-
nation performed by the symbol rough-determination unit
182. It can be seen that the EVM,  is stabilized at about
0.15 when about 1000 symbols have elapsed, and thus
pre-convergence is completed. Thereafter, the selection unit
183 outputs a symbol determination performed by the sym-
bol determination unit 181 at the time of about 15000
symbols. As a result, it can be seen that the EVM is
stabilized at about 0.05 around 17000 symbols, the DD
algorithm converges, and polarized wave separation is com-
pleted.

As described above, according to the present embodi-
ment, even if a filter coefficient is started from any initial
value, the filter coefficient can be made to easily converge.
In addition, the first error calculation unit 172 sets a filter
coeflicient by using the decision directed algorithm, and thus
has high tracking performance to polarization rotation.

Second Embodiment

FIG. 8 is a block diagram illustrating a configuration of a
signal processing device 100 according to a second embodi-
ment. The signal processing device 100 according to the
present embodiment has the same configuration as the signal
processing device 100 according to the first embodiment
except for the following.

First, each of the carrier compensation sections 180 is not
provided with the symbol determination unit 181, the sym-
bol rough-determination unit 182, and the selection unit 183.
Alternatively, each of the carrier compensation sections 180
includes a region determination unit 187. The region deter-
mination units 187 perform symbol determination on the
carrier compensated signals x" and y" on the basis of
determination reference data. The determination reference
data used by the region determination units 187 is stored in
symbol determination data storage units 188 and symbol
rough-determination data storage units 189.

The region determination units 187 examine in which
region of an IQ) constellation the carrier compensated signals
x" and y" are present. FIG. 9 illustrates a region determi-
nation image. The region determination units 187 examine
whether or not the carrier compensated signals x" and y" are
present in each of 256 regions which are divided by the
dotted lines of FIG. 9, and output IDs of regions where the
carrier compensated signals are present. As for the ID, there
are 16 values as 1D, in the [ axis direction, and there are 16
values as ID,, in the Q axis direction, and 256 values are
provided by combination of 1D, and ID,,. The dotted line
indicates a threshold value for determining a region, and is
a line which connects intermediate values of coordinates of
respective ideal symbols in which 256QAM signals are
adjacent to each other. When coordinates of four corners of
a symbol arrangement of 256QAM are respectively set to
[+a,+a], [-a,+a], [-a,—a], and [+a,—a], region determination
threshold values are 0, x2a/15, x4a/l15, +6a/15, +8a/l5,
+10a/15, £12a/15, and +14a/15.
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In addition, the signal processing device 100 includes the
symbol determination data storage units 1881 to 1883. The
symbol determination data storage units 1881 to 1883 store
data (for example, a reference table) for performing the
symbol determination on the carrier compensated signals x"
and y" on the basis of a standard of signal light input to the
90° optical hybrid 20, access the reference table in accor-
dance with IDs output from the region determination units
187 so as to acquire corresponding to symbol arrangements,
and output the symbol arrangements as determination
results.

12

FIG. 10 is a diagram illustrating only a first quadrant of
a symbol arrangement stored in the symbol determination
data storage unit 1881 in a case where a standard of an
optical signal input to the 90° optical hybrid 20 is 256QAM.
When, among four corners of the symbol arrangement of
256QAM, a coordinate of the corner of the first quadrant is
set to A[+a,+a], a symbol arrangement reference table of
256QAM is illustrated in Tables 1 and 2 only in relation to
the first quadrant.

TABLE 1

Ideal symbol arrangement of 256QAM (1)

Region (IDp)

@) ©) @ ®
8 10 10 12 12 14 14

Region (IDy) +ESI<+Ea +Ea51<+ﬁa +Ea51<+ﬁa +Easls+oo
L@ (NI PRSI TR [ e A

+BaSQSoo 15 15 15 15 15 15 15
@ [rrerme  [mernd [mernd [fmend

+%asQ<+%a 157 715 157 715 15715 157 15
10 © 12 [+2a,+ga] [+£a,+11a] [+Ea’+ﬂa]

+EaSQ<+Ea 15 15 15 15 15 15
8 @ 10 [+—a,+2a] [+£a,+2a] [+Ea,+2a]

+EaSQ <+gza 15 15 15 15 15
© [+ 50 +la] [+£a +la] [ﬁa +la] [+§a +la]

+%asQ<+%a > 15 157 715 15715 157 15
A [+2a,+ia] [+1 - a] [ﬁ“ a] [ﬁ“ia]

+EaSQ<+Ea 15 15 15 15 15 15 15 15
, 7, R e = L

+EaSQ<+Ea 15 15 15 15 15 15 15 15

®) 9 1 11 1 13 1 15 1
beaesle ez [rmermd [mermd e

15
TABLE 2

Ideal symbol arrangement of 256QAM (2)

Region (ID;)

®) @] (6) )]
0<I<+2 +2 <I<+4 +4 <I<+6 +6 <I<+8
Region (IDg) BT GO ST TSRt fEtsitEt
(6] [+1 +15] [+3 +15 +5 +15 +7 +15
14 —a, +—a —a, —a] [ —a, —a] [ —a, —a]
P cQsw 157715 157715 157715 157715
15
()] [ 1 13 3 13 5 13 7 13
12 +—a,+—a] [+—a,+—a] [+—a,+—a] [+—a,+—a]
P20, 157715 157715 157715 157715

15 15
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Ideal symbol arrangement of 2560QAM (2)

Region (ID)

®) @) 6) ®)
O0=<I 2 2 I 4 I 6 6 I 8
= 15 I 15 Tza = - —ax< —
Region (IDy) si<tgEe tesl<+pa +qpasl<iqza +qza<l<tiza
&) [+1 LU L3..u FEIS. L1
10 12 = Ea] [Ea, Ea] [Ea’ Ea] [Ea’ Ea]
+EaSQ<+Ea
@ [+1 L2 T LS50 29
8 10 % ga] [Ea’ Ea] [Ea’ Ba] [Ea’ Ba]
+EaSQ<+Ea
©) [ 1 7 ] [ 37 ] 57 77
+£a<Q<+£a +EHF 3R T3 [+Ea,+Ea] [+Ea’+ﬁa]
157 15
aonty el lmed] el e
s acQerza [Ea’ Ea] [Ea’ Ba] [T JERTh
157" 15
™ [+1 B ENE ERE e
- s, moewl sl bl e
+EaSQ<+Ea
®) PR FEE R I
0=Q<+2a [ [ Ea] [ i Ba] [ " Ba] [ i Ea]
- 15

The first row and the first column of Tables 1 and 2
respectively correspond to ID; and ID,,. For example, when
the carrier compensated signal x" or y" is present in the
hatched region of FIG. 10, the region determination unit 187
outputs an ID of “33”. The symbol determination data
storage unit 1881 outputs a coordinate [+11a/15,+11a/15]
written in a cell of ID,=3 and ID,=3 of Table 1 (the hatched
cell in Table 1), as a determination result.

FIG. 11 is a diagram illustrating only a first quadrant of a
symbol arrangement stored in the symbol determination data

35

storage unit 1882 in a case where a standard of an optical
signal input to the 90° optical hybrid 20 is 64QAM. When
a coordinate of the corner of the first quadrant among four
corners of the symbol arrangement of 256QAM is set to
Al+a,+a], a coordinate of a corner of the first quadrant
among four corners of a symbol arrangement of 64QAM is
set to A'[+14a/15,+14a/15]. A symbol arrangement reference
table of 64QAM is illustrated in Tables 3 and 4 only in
relation to the first quadrant.

TABLE 3

Ideal symbol arrangement of 64QAM (2)

ID (I axis)
) (3) ) )
[l 0o 1 oM 4
5= 15 Za= = —a=< — —a=<l<
ID (Q axis) FEEISTEY PRSIt YOIt rpesiEre
1) [+10 +14 ] [+10 +14 ] [+14 +14 ] [+14 +14 ]
—a, +-—a —a +—a Za+la e +—a
+%asQSw 15 15 15 15 15 15 15 15
@ [ 10 14 10 14 14 14 14 14
2 1 ] ] s P
+EaSQ<+Ea
@) [ 10 10 14 10 14 10
& 12 e o] el
+EaSQ<+Ea
@ [+10 +10 ] [+14 +10 ] [+14 +10 ]
20l 5" 5ot 5%+ Ee

15
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TABLE 3-continued

Ideal symbol arrangement of 64QAM (2)

ID (I axis)
) ©) @ ®
8 10 10 12 12 14 14
ID (Q axis) +ESI<+Ea +Ea51<+ﬁa +Ea51<+ﬁa +Easls+oo
U PR O R P I PN
+2asQ<riza 157715 157715 57715 157715
A PRI [ FEC TR N PR I N
+a=Q<rpea 157715 157715 157715 157715
, 9, (2] [l [Masdd a2
+asQ<+iza 157715 157715 57715 157715
® PR [ FEC R P I
0<Q<+Ea
TABLE 4
Ideal symbol arrangement of 64QAM (2)
1D (I axis)
(®) M © 6
OsI<+£a +£as[<+ia +iasl<+£a +£as[<+ia
ID (Q axis) 15 15 15 15 15 15 15
(6] 2 14 2 14 6 14 6 14
TIN5 NE- RS
15
@ [+£a +5a] [+£a +5a] [+£a +5a] [+£a +5a]
+%aSQ<+%a 157715 157715 157715 157715
¢ [+£a ﬁa] [+£a ﬁa] [+£a ﬁa] [+£a ﬁa]
+£aSQ<+%a 157715 15715 157715 157715
@ [+£a ﬁa] [+£a ﬁa] [+£a ﬁa] [+£a ﬁa]
+%aSQ<+£a 157715 157715 157715 157715
© [+£a +ia] [+£a +£a] [+£a +ia] [+£a +ia]
+16_5aSQ<+%a 157715 15715 157715 157715
© [+£a +ia] [+£a +£a] [+£a +ia] [+£a +ia]
+14_5aSQ<+%a 157715 157715 157715 157715
@ [+£a +£a] [+£a +£a] [+£a +£a] [+£a +£a]
+%aSQ<+%a 157715 15715 157715 157715
® [+£a +£a] [+£a +£a] [+£a +£a] [+£a +£a]
05Q<+%a 157715 157715 157715 157715

The first row and the first column of Tables 3 and 4 storage unit 1882 outputs a coordinate [+10a/15,+10a/15]
respectively correspond to ID; and ID,,. For example, when written in a cell of ID,=3 and ID ,=3 of Table 3 (the hatched
the carrier compensated signal x" or y" is present in the 65 cell in Table 3), as a determination result.
hatched region of FIG. 11, the region determination unit 187 FIG. 12 is a diagram illustrating only a first quadrant of
outputs an ID of “33”. The symbol determination data a symbol arrangement stored in the symbol determination
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data storage unit 1883 in a case where a standard of the first quadrant among four corners of a
of an optical signal input to the 90° optical hybrid symbol arrangement of 16QAM is set to A"[+12a/15,+12a/
20 is 16QAM. When a coordinate of the corner of the 15]. A symbol arrangement reference table of 16QAM is
first quadrant among four corners of the symbol arrangement illustrated in Tables 5 and 6 only in relation to the first
of 256QAM is set to A[+a,+a], a coordinate of a corner quadrant.

TABLE 5

Ideal symbol arrangement of 16QAM (1)

ID (I axis)
) 3) ()] (9]
+8 <I<+10 +10 <I<+12 +12 <I<+14 +14 <I=<+
ID (Q axis) AT i 52 [ T A T T i
(9] [12 12] [12 12] [12 12] [12 12]
+5a<Q<w +Ea’+ﬁa +Ea’+ﬁa +Ea,+Ea +Ea’+ﬁa
157 -7
@ [+12 +12 +12 +12 +12 +12 +12 +12
12 14 i Ba] [Ba’ Ba] [ i 15a] [Ea’ Ba]
+EaSQ<+Ea
(©)] [ 12 2 12 2 12
10 12 +Ea’+ﬁa] [+Ea’+ﬁa] [+Ea’+ﬁa]
+EaSQ<+Ea
@ [+12 +12 +12 +12 +12 +12 +12 +12
8 1 i Ba] [Ba’ Ba] [ i 15a] [Ea’ Ba]
+EaSQ<+Ea
®) [+12 +4 +12 +4 +12 +4 +12 +4
6 3 Ba, Ea] [Ea, Ea] [Ea, Ba] [Ba, Ea]
+EaSQ<+Ea
6 [ 12 4 12 4 12 4 12 4
4 6 +Ea’+ﬁa] [+Ea’+ﬁa] [+Ea’+ﬁa] [+Ea’+ﬁa]
+EaSQ<+Ea
@) [+12 +4 +12 +4 +12 +4 +12 +4
) 4 Ba, Ea] [Ea, Ea] [Ea, Ba] [Ba, Ea]
+EaSQ<+Ea
®) [+12 +4 ] [+12 +4 ] [+12 +4 ] [+12 +4 ]
0=Q<+a [T [T [T [T
- 15
TABLE 6
Ideal symbol arrangement of 16QAM (2)
ID (I axis)
®) @] (6) )]
2 2 4 4 6 6 8
O<I<+—a +—a=<l<+-—a +—ca=l<+—a +—a=<l<+-—ca
ID (Q axis ) 15 15 15 15 15 15 15
(9] [4 12] [4 12] [4 12] [4 12]
+-—a, +-—a +-—a, +-—a +-—a, +—a +-—a, +-—a
+%astoo 157715 157715 157715 157715
@ [+4 +12 +4 +12 +4 +12 +4 +12
12 14 i Ea] [ 5 Ba] [ 5o Ba] [ 5o Ea]
+EaSQ<+Ea
(©)] [ 4 12 4 12 4 12 4 12
10 12 +Ea’+ﬁa] [+Ea’+ﬁa] [+Ea’+ﬁa] [+Ea’+ﬁa]
+EaSQ<+Ea
()] [+4 +12] [+4 +12] [+4 +12] [+4 +12]
LI IR IR [T IRt
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TABLE 6-continued

20

Ideal symbol arrangement of 16QAM (2)

ID (I axis)
® M Q) ®)
o<1 2 2 . 4 4 . 6 6 . 8
=< — —a =< — —a =< — —a = J—
ID (Q axis ) sl<+za +tpasl<+pa +pasl<tpa +pasl<tga
®) [+4 +4 +4 +4 +4 +4 +4 +4
6 3 Ba, Ea] [ Ea, Ea] [ Ea, Ea] [ Ea, Ea]
+Ea =Q< +Ea
(6) [ 4 4 4 4 4 4 4 4
4 6 +Ea’+ﬁa] [+Ea’+ﬁa] [+Ea’+ﬁa] [+Ea’+ﬁa]
+Ea =Q< +Ea
@) [+4 +4 +4 +4 +4 +4 +4 +4
2 4 Ba, Ea] [ Ea, Ea] [ Ea, Ea] [ Ea, Ea]
+Ea =Q< +Ea
(®) 4 4 4 4 4 4 4 4
NPT (A0 TR S0%.3 R (S PO R (e
- 15
25
The first row and the first column of Tables FIG. 13 is a diagram illustrating only a first quadrant of

5 and 6 respectively correspond to 1D, and ID,. For
example, when the carrier compensated signal x" or y" is
present in the hatched region of FIG. 12, the region deter-
mination unit 187 outputs an ID of “33”. The symbol
determination data storage unit 1883 outputs a coordinate
[+12a/15,+12a/15] written in a cell of ID,/~3 and 1ID,=3 of
Table 5 (the hatched cell in Table 5), as a determination
result.

30

a symbol arrangement stored in the symbol rough-determi-
nation data storage unit 189. When a coordinate of the corner
of the first quadrant among four corners of the symbol
arrangement of 256QAM is set to A[+a,+a], a coordinate of
a corner of the first quadrant among four corners of a symbol
arrangement of QPSK is set to A [+10a/15,+10a/15]. A
symbol arrangement reference table of QPSK is illustrated
in Tables 7 and 8 only in relation to the first quadrant.

TABLE 7

Ideal symbol arrangement of QPSK (1)

ID (I axis)
) ©) @ &
+ <I<+10 +10 <I<+12 +12 <I<+14 + 4 <I=<+
ID (Q axis) L= et R TR T R T hsrETe
® [+10 Lo ] [+10 Lo Lo 10 Lo 10
4 +—a, +—a +—a, —a] [_—a, —a] [_—a, —a]
+asQ=co 157715 157715 157715 157715
@ [+10 Lo L0 10 Lo 10 Lo 10
12 14 _Ea, Ea] [_Ea, Ea] [_Ea, Ea] [_Ea, Ea]
+EaSQ<+Ea
©) [+10 +10 L0 +10 10 +10
10 12 _Ea, Ea] [_Ea, Ea] [_Ea, Ea]
+EaSQ<+Ea
@ [+10 Lo L0 10 Lo 10 Lo 10
3 10 _Ea, Ea] [_Ea, Ea] [_Ea, Ea] [_Ea, Ea]
+EaSQ<+Ea
6 [+10 Lo L0 10 Lo 10 Lo 10
6 8 Y Ea] [‘Ea’ Ea] [‘Ea’ Ea] [‘Ea’ Ea]
+EaSQ<+Ea
6 [+10 +10 ] [+10 +10 ] [+10 +10 ] [+10 +10 ]
i 2acq<sla ESCRANTE ESCRANTE ESCRANTE ESCRANTE

15
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TABLE 7-continued

22

Ideal symbol arrangement of QPSK (1)

1D (I axis)
4 ©) @ ®
8 10 10 12 12 14 14
ID (Q axis) +ESI<+Ea +Ea51<+ﬁa +Ea51<+ﬁa +Easls+oo
@ [etise]  [rmermd [mermd [metisd)
+%asQ<+14—5a 157 715 157 715 157 715 157 715
® [+10a +10a] [+10a +10a] [+10a +10a] [+10a +10a]
2 £—a +— g +— g +— g +—
05Q<+Ea 15 15 15 15 15 15 15 15
TABLE 8
Ideal symbol arrangement of QPSK
ID (I axis)
® ™ © ®)
ID (Q axis) 051<+%a +%as[<+14—5a +14—5asI<+16—5a +16—5asI<+%a
o FELARLR R FEAE A I LR B
+%astoo T157 15 T157 15 T157 15 T157 15
® FLISRLN N FEURNEL I ML R
+%asQ<+%a 157 15 157 15 157 15 157 15
PSP NP [ FEC TR L By AR [y AU
+EaSQ<+Ea 15 15 15 15 15 15 15 15
@ [ﬂa +9a] [+1°a +9a] [ﬂa +9a] [ i +9a]
+%asQ<+£a 157 15 157 15 157 15 157 15
© LSRR e A B A R
+16—5asQ<+%a 157 15 157 715 157 15 157 15
© FLISRLN N FEURNEL I ML R
+14—5asQ<+16—5a 157 15 157 15 157 15 157 15
" FNUECK B SETASCN I PR N AR
+%asQ<+14—5a 157 15 157 715 157 15 157 15
® [+ 0 +10a] [+10a +10a] [+ w0 +10a] [ 0 +10a]
5 £ o F— £ _a +— £ _—a +— £ _a +—
05Q<+Ea 15 15 15 15 15 15 15 15
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The first row and the first column of Tables 7 and 8
respectively correspond to ID; and ID,,. For example, when
the carrier compensated signal x" or y" is present in the
hatched region of FIG. 13, the region determination unit 187
outputs an ID of “33”. The symbol rough-determination data
storage unit 189 outputs a coordinate [+10a/15,+410a/15]
written in a cell of TD =3 and ID,=3 of Table 7 (the hatched
cell in Table 7), as a determination result.

FIG. 14 is a diagram illustrating a symbol rough-deter-
mination of 16QAM signals. A central coordinate of four 65
symbols of 16QAM signals present in the first quadrant is
X[+8a/15,+8a/15], and a distance thereof from the origin is

0.754a. In addition, an average power P of the 16QAM
signals is obtained as follows.

P=(2/3)%(M =1)x Py
=(2/3)x(16 - 1)x (4a/15)

=344% /45

Further, the distance from the origin is 0.843a. In this
case, a point which is symmetrical to the central coordinate
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X with respect to the average power has a distance of 0.932a
from the origin, and thus a closest point in the symbol
arrangement of 256QAM has a coordinate of A, [+10a/15,+
10a/15].

FIG. 15 illustrates a constellation of the carrier compen-
sated signals x" and y" of 16QAM signals in a case where
the selection units 183 select the symbol rough-determina-
tion data storage units 189, and filter coefficients converge to
an extent. As illustrated in FIG. 15, even if the selection units
183 select the symbol rough-determination data storage
units 189, the carrier compensated signals x" and y" do not
lose characteristics based on the 16QAM signals. In addi-
tion, the coordinate A, of QPSK is used as symbol rough-
determination data, and thus the constellation of the carrier
compensated signals x" and y" has substantially the same
coordinate positions as in the symbol arrangement of the
16QAM signals illustrated in FIG. 12. Therefore, among the
symbols at the four corners of the 16QAM signals, a
coordinate of the symbol at the corner of the first quadrant
is a position of A"[+12a/15,+12a/15].

Further, if the filter coefficients converge to an extent (the
EVM becomes smaller than the predetermined threshold
value), the selection unit 183 selects a symbol determination
result performed by the symbol determination unit 181.
Accordingly, the filter coefficients calculated by the coeffi-
cient calculation unit 171 further converge, and thus a result
illustrated in FIG. 16 can be obtained. For this reason, the
symbol determination unit 181 can perform a symbol deter-
mination with high accuracy.

FIGS. 15 and 16 have substantially the same coordinate
positions as each other, and thus the EVM,, . in the symbol
rough-determination and the EVM,, ,, in the symbol deter-
mination have the same scale as each other. Therefore, a
difference in the EVM is easily calculated, and it becomes
easier to determine convergence than in the first embodi-
ment.

FIG. 17 is a diagram illustrating a symbol rough-deter-
mination of 64QAM signals. A central coordinate of four
symbols of 64QAM signals present in the first quadrant is
X[+8a/15,+8a/15], and a distance thereof from the origin is
0.754a. In addition, an average power of the 64QAM signals
is obtained as follows.

P=(2/3)x(M-1)xP,

=(2/3)%x (64 - 1)x(2a/15)*

=56a%/75

Further, the distance from the origin is 0.8641a. In this
case, a point which is symmetrical to the central coordinate
X with respect to the average power has a distance of
0.9742a from the origin, and thus a closest point in the
symbol arrangement of 256QAM has a coordinate of A,[+
10a/15,+10a/15].

In the same manner as in the case of the 16QAM signals,
the coordinate A, of QPSK is used as symbol rough-
determination data, and thus the constellation of the carrier
compensated signals x" and y" of 64QAM signals has
substantially the same coordinate positions as in the symbol
arrangement of the 64QAM signals illustrated in FIG. 11.
Therefore, among the symbols at the four corners of the
64QAM signals, a coordinate of the symbol at the corner of
the first quadrant is a position of A'[+14a/15,+14a/15].

FIG. 18 is a diagram illustrating a symbol rough-deter-
mination of 256QAM signals. A central coordinate of four
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symbols of 256QAM signals present in the first quadrant is
X[+8a/15,+8a/15], and a distance thereof from the origin is
0.754a. In addition, an average power of the 256QAM
signals is obtained as follows.

P=(2/3)x(M-1)x P,

=(2/3)%(256 — 1) % (a/15)

=344% /45

Further, the distance from the origin is 0.8692a. In this
case, a point which is symmetrical to the central coordinate
X with respect to the average power has a distance of
0.9844a from the origin, and thus a closest point in the
symbol arrangement of 256QAM has a coordinate of A,[+
10a/15,+10a/15].

To summarize, at least two signal arrangements of the
multi-value modulation are signal arrangements of 22n-
value quadrature amplitude modulation signals and 22m-
value quadrature amplitude modulation signals (where
n>m). When coordinates of four corners of the symbol
arrangement of the 22n-value quadrature amplitude modu-
lation signals are respectively set to [+a,+a], [-a,+a], [-a,—
a), and [+a,—a], coordinates of four corners of the symbol
arrangement of the 22m-value quadrature amplitude modu-
lation signals are respectively set to [+b,+b], [-b,+b], [-b,—
b], and [+b,-b] (where a>b).

Specifically, at least two signal arrangements of the multi-
value modulation are signal arrangements of 256-value
quadrature amplitude modulation signals and 16-value
quadrature amplitude modulation signals, and a ratio of
distances between symbols of the 256-value quadrature
amplitude modulation signals and the 16-value quadrature
amplitude modulation signals is 1:4. In addition, in a case
where at least two signal arrangements of the multi-value
modulation are signal arrangements of 64-value quadrature
amplitude modulation signals and 16-value quadrature
amplitude modulation signals, a ratio of distances between
symbols of the 64-value quadrature amplitude modulation
signals and the 16-value quadrature amplitude modulation
signals is 2:4. Further, a signal arrangement obtained by
reducing the number of multi-values of the multi-value
modulation is a signal arrangement of quadrature phase shift
keying.

In addition, in a case where a signal arrangement of the
multi-value modulation is the signal arrangement of the
256-value quadrature amplitude modulation signals, a ratio
of distances between symbols of the 256-value quadrature
amplitude modulation signals and the quadrature phase shift
keying is 1:10. Further, in a case where a signal arrangement
of the multi-value modulation is the signal arrangement of
the 64-value quadrature amplitude modulation signals, a
ratio of distances between symbols of the 64-value quadra-
ture amplitude modulation signals and the quadrature phase
shift keying is 2:10. Furthermore, in a case where a signal
arrangement of the multi-value modulation is the signal
arrangement of the 16-value quadrature amplitude modula-
tion signals, a ratio of distances between symbols of the
16-value quadrature amplitude modulation signals and the
quadrature phase shift keying is 4:10.

In the same manner as in the case of the 16QAM signals,
the coordinate A, of QPSK is used as symbol rough-
determination data, and thus the constellation of the carrier
compensated signals x" and y" of 256QAM signals has
substantially the same coordinate positions as in the symbol
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arrangement of the 256QAM signals illustrated in FIG. 10.
Therefore, among the symbols at the four corners of the
256QAM signals, a coordinate of the symbol at the corner
of the first quadrant is a position of A'[+a,+a].

Therefore, the present embodiment can also achieve the
same effects as the first embodiment. In addition, the con-
figuration of the carrier compensation section 180 is further
simplified and thus it becomes easier to determine conver-
gence than in the first embodiment.

Third Embodiment

FIG. 19 is a block diagram illustrating a configuration of
a signal processing device 100 according to a third embodi-
ment. The signal processing device 100 according to the
present embodiment has the same configuration as the signal
processing device 100 according to the second embodiment
except for the following.

First, in the present embodiment, the signal processing
device 100 is not provided with the symbol determination
data storage units 188 and the symbol rough-determination
data storage units 189. In addition, the region determination
units 187 perform symbol determinations on the output
signals x' and y' of the polarized wave separation units 170
on the basis of a standard of a signal light input to the 90°
optical hybrid 20. In other words, the region determination
units 187 have the same function as the symbol determina-
tion units 181 according to the first embodiment.

In addition, the signal processing device 100 includes
second error determination units 173. The second error
determination unit 173 performs an error determination in a
method which is simpler than the first error calculation unit
172 and does not depend on a determination result, for
example, a constant modulus algorithm (CMA) method.
Further, the error calculation method by the first error
calculation unit 172 has higher accuracy than the error
calculation method by the second error determination unit
173. The details of the CMA method are disclosed in, for
example, D. N. Godard, “Self-Recovering Equalization and
Carrier Tracking in Two-Dimensional Data Communication
Systems”, IEEE Trans. on Comm., Vol. COM-28, No. 11,
pp- 1967 to 1875, November 1980.

In addition, the coefficient calculation unit 171 is con-
nected to the first error calculation unit 172 and the second
error determination unit 173 through the selection unit 183.
The selection unit 183 outputs either of an error calculation
result performed by the first error calculation unit 172 and an
error calculation result performed by the second error deter-
mination unit 173, to the coeflicient calculation unit 171. In
other words, the coefficient calculation unit 171 updates
filter coefficients by using either of the error calculation
result performed by the first error calculation unit 172 and
the error calculation result performed by the second error
determination unit 173. The selection unit 183 is controlled
by the control unit 190.

Details of control of the selection unit 183 performed by
the control unit 190 are the same as those in the second
embodiment. In other words, a timing when the selection
unit 183 selects an error calculation result performed by the
second error determination unit 173 is the same as a timing
when the selection unit 183 according to the first embodi-
ment selects the symbol rough-determination unit 182. In
addition, a timing when the selection unit 183 selects an
error calculation result performed by the first error calcula-
tion unit 172 is the same as a timing when the selection unit
183 according to the first embodiment selects the symbol
determination unit 181.
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The present embodiment can also achieve the same effects
as the first embodiment.

As above, although the embodiments of the present inven-
tion have been described with reference to the drawings, the
embodiments are only an example of the present invention,
and various configurations other than the above description
may be employed.

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2011-221314,
filed Oct. 5, 2011, and PCT/JP2012/006323 filed Oct. 3,
2012; the entire contents of which are incorporated herein by
reference.

The invention claimed is:

1. A signal processing apparatus comprising:

polarized wave separation unit for receiving four digital
signals and generating two polarization signals corre-
sponding to two polarization components of signal
light from the four digital signals by using filters having
filter coefficients, the four digital signals being gener-
ated by performing photoelectric conversion and ana-
log-digital conversion on four output light beams
which are generated by making the signal light having
undergone polarization division multiplexing and
multi-value modulation and local light interfere with
each other by using a 90° optical hybrid;

carrier compensation unit for compensating for a phase
difference and a frequency difference between the
signal light and the local light in relation to the two
polarization signals, so as to generate two carrier com-
pensated signals;

determination unit for demodulating the two carrier com-
pensated signals;

selection unit for selecting whether the determination unit
performs the demodulation based on a signal arrange-
ment of the multi-value modulation or based on a signal
arrangement in which a number of multi-values of the
multi-value modulation is reduced; and

coeflicient setting unit for updating the filter coefficients
of the polarized wave separation unit by using an
output selected by the selection unit.

2. The signal processing apparatus according to claim 1,

wherein the determination unit includes

symbol determination unit for demodulating the two
carrier compensated signals based on the signal
arrangement of the multi-value modulation; and

symbol rough-determination unit for demodulating the
two carrier compensated signals based on the signal
arrangement in which the number of multi-values of the
multi-value modulation is reduced, and

wherein the selection unit selects either one of an output
of the symbol determination unit and an output of the
symbol rough-determination unit.

3. The signal processing apparatus according to claim 1,

wherein the selection unit selects either one of first
reference data for performing demodulation based on
the signal arrangement of the multi-value modulation
and second reference data for performing demodulation
based on the signal arrangement in which the number
of multi-values of the multi-value modulation is
reduced, and causes the determination unit to use the
selected reference data.

4. The signal processing apparatus according to claim 1,

wherein the determination unit performs demodulation
based on the signal arrangement of the multi-value
modulation until the filter coefficients converge.
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5. The signal processing apparatus according to claim 4,

wherein the determination unit performs demodulation
based on the signal arrangement in which the number
of multi-values of the multi-value modulation is
reduced after the filter coefficients converge.

6. The signal processing apparatus according to claim 4,

further comprising:

error calculation unit for calculating an error of an output
of the determination unit by using the two polarization
signals and the output of the determination unit,

wherein the selection unit determines whether or not the
filter coeflicients converge by using the error calculated
by the error calculation unit.

7. The signal processing apparatus according to claim 6,

wherein the error calculation unit calculates an average
value of the errors related to a plurality of symbols for
every constant number of symbols; and

wherein the selection unit determines whether or not the
filter coeflicients converge by comparing the average
value with a predetermined threshold value.

8. The signal processing apparatus according to claim 6,

wherein the error calculation unit calculates an average
value of the errors related to a plurality of symbols for
every constant number of symbols; and

wherein the selection unit determines whether or not the
filter coefficients converge by comparing a variation in
the average value with a predetermined threshold
value.

9. The signal processing apparatus according to claim 1,

wherein at least two signal arrangements of the multi-
value modulation are signal arrangements of 22n-value
quadrature amplitude modulation signals and 22m-
value quadrature amplitude modulation signals (where
n>m), and when coordinates of four corners of the
signal arrangement of the 22n-value quadrature ampli-
tude modulation signals are respectively set to [+a,+a],
[-a,+a], [-a,—a], and [+a,-a], coordinates of four cor-
ners of the signal arrangement of the 22m-value
quadrature amplitude modulation signals are respec-
tively set to [+b,+b], [-b,+b], [-b,-b], and [+b,-b]
(where a>b).

10. The signal processing apparatus according to claim 9,

wherein at least two signal arrangements of the multi-
value modulation are signal arrangements of 256-value
quadrature amplitude modulation signals and 16-value
quadrature amplitude modulation signals, and a ratio of
distances between symbols of the 256-value quadrature
amplitude modulation signals and the 16-value quadra-
ture amplitude modulation signals is 1:4.

11. The signal processing apparatus according to claim 9,

wherein at least two signal arrangements of the multi-
value modulation are signal arrangements of 64-value
quadrature amplitude modulation signals and 16-value
quadrature amplitude modulation signals, and a ratio of
distances between symbols of the 64-value quadrature
amplitude modulation signals and the 16-value quadra-
ture amplitude modulation signals is 2:4.

12. The signal processing apparatus according to claim 1,

wherein the signal arrangement in which the number of
multi-values is reduced is a signal arrangement of
quadrature phase shift keying.

13. The signal processing apparatus according to claim 1,

wherein a signal arrangement of the multi-value modu-
lation is the signal arrangement of the 256-value
quadrature amplitude modulation signals, and a ratio of
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distances between symbols of the 256-value quadrature
amplitude modulation signals and the quadrature phase
shift keying is 1:10.

14. The signal processing apparatus according to claim 1,

wherein a signal arrangement of the multi-value modu-
lation is the signal arrangement of the 64-value quadra-
ture amplitude modulation signals, and a ratio of dis-
tances between symbols of the 64-value quadrature
amplitude modulation signals and the quadrature phase
shift keying is 2:10.

15. The signal processing apparatus according to claim 1,

wherein a signal arrangement of the multi-value modu-
lation is the signal arrangement of the 16-value quadra-
ture amplitude modulation signals, and a ratio of dis-
tances between symbols of the 16-value quadrature
amplitude modulation signals and the quadrature phase
shift keying is 4:10.

16. The signal processing apparatus according to claim 1,

further comprising:

the 90° optical hybrid;

photoelectric conversion unit for converting the four
output light beams of the 90° optical hybrid into
electrical signals, respectively; and

analog-digital conversion unit for converting the four
outputs from the photoelectric conversion unit into the
digital signals, respectively.

17. A signal processing method comprising:

receiving four digital signals;

generating two polarization signals corresponding to two
polarization components of signal light from the four
digital signals by using filters having filter coefficients,
the four digital signals being generated by performing
photoelectric conversion and analog-digital conversion
on four output light beams which are generated by
making the signal light having undergone polarization
division multiplexing and multi-value modulation and
local light interfere with each other by using a 90°
optical hybrid;

compensating for a phase difference and a frequency
difference between the signal light and the local light in
relation to the two polarization signals, so as to gen-
erate two carrier compensated signals;

demodulating the two carrier compensated signals;

selecting, by a selection unit, whether a determination unit
performs the demodulation based on a signal arrange-
ment of the multi-value modulation or based on a signal
arrangement in which a number of multi-values of the
multi-value modulation is reduced; and

updating the filter coefficients by using an output selected
by the selection unit.

18. A signal processing apparatus comprising:

polarized wave separation unit for receiving four digital
signals and generating two polarization signals corre-
sponding to two polarization components of signal
light from the four digital signals by using filters having
filter coefficients, the four digital signals being gener-
ated by performing photoelectric conversion and ana-
log-digital conversion on four output light beams
which are generated by making the signal light having
undergone polarization division multiplexing and
multi-value modulation and local light interfere with
each other by using a 90° optical hybrid;

carrier compensation unit for compensating for a phase
difference and a frequency difference between the
signal light and the local light in relation to the two
polarization signals, so as to generate two carrier com-
pensated signals;
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determination unit for demodulating the two carrier com-
pensated signals;

first error calculation unit for calculating an error of an
output of the determination unit by using the two
polarization signals and the output of the determination
unit;

second error determination unit for calculating an error of
the output of the determination unit in a method which
is simpler than the first error calculation unit and does
not depend on a determination result, by using the two
polarization signals; and

coeflicient setting unit for updating the filter coefficients
of the polarized wave separation unit by using either of
an error determination result performed by the first
error calculation unit and an error determination result
performed by the second error calculation unit,

wherein the coefficient setting unit updates the filter
coeflicients by using the error calculation result per-
formed by the second error calculation unit until the
filter coefficients converge, and updates the filter coef-
ficients by using the error calculation result performed
by the first error calculation unit after the filter coeffi-
cients converge.

19. A signal processing method comprising:

receiving four digital signals;

generating two polarization signals corresponding to two
polarization components of signal light from the four
digital signals by using filters having filter coefficients,
the four signals being generated by performing photo-
electric conversion and analog-digital conversion on
four output light beams which are generated by making
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the signal light having undergone polarization division
multiplexing and multi-value modulation and local
light interfere with each other by using a 90° optical
hybrid;

compensating for a phase difference and a frequency
difference between the signal light and the local light in
relation to the two polarization signals, so as to gen-
erate two carrier compensated signals;

demodulating, by a determination unit, the two carrier
compensated signals;

calculating, by a first calculation unit, an error of an
output of the determination unit by using the two
polarization signals and the output of the determination
unit;

calculating, by a second calculation unit, an error of the
output of the determination unit in a method which is
simpler than the first error calculation unit and does not
depend on a determination result, by using the two
polarization signals; and

updating the filter coefficients by using either of an error
determination result performed by the first error calcu-
lation unit and an error determination result performed
by the second error calculation unit,

wherein the updating the filter coefficients further updates
the filter coefficients by using the error calculation
result performed by second calculation unit until the
filter coefficients converge, and updates the filter coef-
ficients by using the error calculation result performed
by the first error calculation unit after the filter coeffi-
cients converge.
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